Although most pesticides sprayed on terrestrial plants remain on their leaf surfaces, the relationship between leaf-associated microbial populations and pesticide degradation remains unclear. Here we examined changes in the bacterial community composition in the rape phyllosphere after treatment with dichlorvos, an organophosphorus pesticide. Results indicate that the bacterial community showed marked changes after treatment. We evaluated the rate of dichlorvos degradation by a natural microbial community on rape leaves and found that more dichlorvos was degraded on microbial-population-inhabited leaves than on surface-sterilized leaves. Six dichlorvos-degrading bacteria with 16S rRNA gene sequences that are most similar to those of members of the genera Pseudomonas, Xanthomonas, Sphingomonas, Acidovorax, Agrobacterium and Chryseobacterium were isolated from the natural community. We report for the first time that three of these epiphytic bacterial species, from the genera Sphingomonas, Acidovorax and Chryseobacterium, can degrade organophosphorus compounds. Collectively, these results provide direct evidence that bacteria on leaves can degrade organophosphate pesticides, and demonstrate that phyllosphere bacteria have great potential for the bioremediation of pesticides in situ, where the environment is hostile to nonepiphytic bacteria.
Introduction
Organophosphorus pesticides have been widely used to control agricultural and household pests. With the prohibition of some highly toxic organophosphorus pesticides, such as parathion, monocrotophos and methyl parathion, dichlorvos (O,O-dimethyl-2,2-dichlorovinyl phosphate) is currently recognized as an efficient broad-spectrum organophosphorus pesticide with medium toxicity (Sun et al., 2009) . Although pesticides are often applied to vegetables over 20 times during the growing season (Ragnarsdottir, 2000) , only a small amount of the pesticide functions against the target organisms, and most of the pesticide remains on the plant leaves. With the undesirable accumulation of such pesticide in food products, it is essential to develop safe, convenient and economically feasible methods for pesticide detoxification (Richins et al., 1997) . Generally, the large collective surface area of the leaves of a terrestrial plant, termed the 'phyllosphere' , provides a habitat for diverse microbial communities, indicating the potential importance of the in situ degradation of dichlorvos residue by phyllosphere microbial communities. To develop a strategy for the biological degradation of dichlorvos, considerable interest has focused on clarifying the microbial composition of the plant phyllosphere.
Bacteria are by far the most numerically abundant microbial inhabitants of the phyllosphere, and are often found by culture methods in numbers of up to 2 Â 10 7 cells cm À2 of leaf surface (Andrews & Harris, 2000) .
Frequent changes in water availability, incident irradiation and oligotrophic substrate concentrations on the leaf surface make the phyllosphere a hostile environment to bacteria (Hirano & Upper, 2000; Lindow & Leveau, 2002) . There is growing evidence for important interactions between the bacterial inhabitants of the phyllosphere, which may alter plant surface properties, fix nitrogen, promote plant growth, protect the plant from pathogens, increase drought tolerance and degrade organic pollutants (Murty, 1984; Hirano & Upper, 2000; Lindow & Brandl, 2003; Schreiber et al., 2005; Sandhu et al., 2007 Sandhu et al., , 2009 . Studies of the composition of bacterial communities on leaves have been numerous but rather limited in scope compared with those of most other bacterial habitats (Hirano & Upper, 2000; Stavrinides et al., 2009) . These investigations mainly focused on phytopathogenic microorganisms and their economic impact on crop production. Recently, the identities or properties of the numerous nonpathogenic microorganisms that inhabit the phyllosphere for pollutant bioremediation have received attention (Richins et al., 1997; Sandhu et al., 2007) . However, very little information is available regarding the relationship between the nonpathogenic epiphytic microorganisms of the plant phyllosphere and the biodegradation of pesticides. Instead, the biodegradation of organophosphorus pesticides is observed in some microorganisms from soil and terrestrial ecosystems (Singh et al., 2003; Kanrar et al., 2006; Singh & Walker, 2006) , the same perhaps being applicable in the case of phyllosphere microorganisms because of their direct exposure to pesticides. Naturally occurring bacterial isolates capable of metabolizing organophosphorus compounds have received considerable attention because they offer the possibility of both environmentally friendly and in situ detoxification (Richins et al., 1997) . The use of phyllosphere microorganisms to remove pesticides is a promising and cost-effective approach to decontamination. Here we investigated the potential for pesticide degradation in the phyllosphere using dichlorvos as a model pesticide and rape leaves as a model phyllosphere system, because it covers an extensively planted area worldwide.
The objectives were to evaluate the impact of dichlorvos on the indigenous bacterial community of the rape phyllosphere and to isolate dichlorvos-degrading organisms for remediating pesticide contamination in the plant phyllosphere, which can consequently be used to reduce pestcaused economic losses and provide safe foods for human consumption.
Materials and methods

Experimental design
The experiment was carried out with oil-seed rape (Brassica napus L.) planted on 30 September 2008 in a greenhouse located within Xisanqi Ecological Garden, Beijing, China.
During the course of the experiment, the daily air temperature varied within a range of 10-23 1C. The plants were watered and fertilized in accordance with local grower practices. With the emergence of the sixth leaf, the plants were separated into four groups for two experiments. Two groups were used to evaluate the impact of dichlorvos on the indigenous bacterial community in the rape phyllosphere (experiment 1), and the other two groups were used to evaluate the availability of phyllosphere microorganisms for dichlorvos degradation on rape leaves (experiment 2). Before the plants were sprayed with dichlorvos, 50 g of rape leaf tissue was collected from each group and used as the day 0 sample.
In experiment 1, one group was sprayed with 1 : 1000 waterdiluted emulsifiable concentrated dichlorvos (80% w/v), which is the recommended dose for rape. The other group was sprayed with the same dose of the auxiliary solvent that had been added into the dichlorvos, as the control. To sample the leaves, 50 g of fully expanded young leaves was collected from the control and treated samples on days 1, 2, 4, 6 and 7 after treatment, placed on ice and brought back to the laboratory. Three replicates of each sample were included. Samples for DNA extraction, subsequent PCR-denaturing gradient gel electrophoresis (PCR-DGGE) and the construction of a 16S rRNA gene clone library were stored frozen at À 20 1C until use.
In experiment 2, one group of samples was surface sterilized with 1% sodium hypochlorite for 1 min and three times with sterile water for at least 1 min; these were designated the sterilized samples. The other was used as the control (unsterilized samples). These two groups were then sprayed with dichlorvos, as described above. Immediately after spraying, the leaf samples were collected to determine the initial dichlorvos concentration. A sample (50 g) of rape leaf material was collected from each control and treated sample on days 1, 2 and 7 after spraying. All control and sterilized leaves were sent to the Beijing Center for Physical and Chemical Analysis for analysis of the dichlorvos residues.
Microorganism cell extraction
Part (10 g) of each leaf sample from experiment 1 was transferred aseptically into an Erlenmeyer flask containing washing buffer (0.1 M sodium phosphate buffer, pH 7.5) and sonicated for 7 min in an ultrasonic cleaning bath (40 kHz) to dislodge the bacteria from the leaves. The leaf debris was removed by low-speed centrifugation, as described by Zhang et al. (2008) . The wash solution was centrifuged at 10 000 g for 15 min at 4 1C. The supernatant was discarded and the pellet was used for analysis of the cellular dichlorvos-degrading ability, the isolation of dichlorvos-degrading bacteria and DNA extraction.
Availability of phyllosphere microorganisms for dichlorvos degradation
The microorganisms eluted from the day 0 samples were used to clarify how much the phyllosphere microorganisms devoted to dichlorvos degradation. Dichlorvos was added to mineral salt medium (MSM; Shelton & Somich, 1988 ) to a final concentration of 400 mg L À1 as the sole carbon source, and incubated at 30 1C on a shaker at 200 r.p.m. in the dark for 48 h. The cultures were analysed in triplicate to ensure accuracy. Uninoculated medium containing dichlorvos (400 mg L À1 ) was used as the control. An aliquot (1 mL) of the supernatant was collected for analysis of its dichlorvos concentration.
Isolation of strains from the rape phyllosphere capable of degrading dichlorvos
Microorganisms eluted from the day 1 samples were spread on Luria-Bertani agar plates and incubated at 25 1C for 5 days to enrich the culturable strains as much as possible. Loopfuls of inoculum from the plates were then grown in shake flasks in 100 mL of MSM with 400 mg L À1 dichlorvos as the sole carbon source. A suitable control was set using the same medium containing 400 mg L À1 of dichlorvos without inoculum. After cultivation for 2 days, 1 mL of the supernatant was collected and analysed for its dichlorvos concentration by HPLC. The isolates of dichlorvos-degrading bacteria are available upon request from the corresponding author.
DNA extraction from the rape phyllosphere and from pure cultures and PCR Total DNA of the microbial pellets from the controls and treated samples of experiment 1 and pure cultures of the isolates were extracted with the method of Zhou et al. (1996) . The PCR universal primer pair PRBA338f and PRUN518r (Øvreås et al., 1997) was used to amplify the bacterial V3 region of the 16S rRNA genes, and PRBA338f with a GC clamp was used for DGGE (Muyzer et al., 1993) . The 16S rRNA genes of the pure isolates were amplified by PCR using the universal primers 27F and 1492R (Lillo et al., 2006) . All the PCR products were confirmed by agarose gel electrophoresis and staining with ethidium bromide.
DGGE analyses
DGGE was performed with the Dcode TM universal mutation detection system (Bio-Rad). The PCR products (40 mL) were loaded onto a 10% w/v acrylamide gel (acrylamide/bis solution, 37.5 : 1; Amresco) containing a linear chemical gradient ranging from 30% to 60% denaturant (where the 100% denaturing solution contained 7 M urea and 40% v/v formamide). The electrophoresis was run for 16 h at 60 1C at 100 V in 1 Â TAE buffer. The gel images were transformed into digital data using QUANTITY ONE from Bio-Rad.
Construction of 16S rRNA gene clone library
The DNA isolated in experiment 1 from the control and treated samples on days 0 and 1 were used as the templates to amplify the complete 16S rRNA genes with primers 27F and 1492R, as described above. The products were purified and cloned into the pGEM-T Easy vector (Promega) and then transformed into competent Escherichia coli DH5a cells. The inserts were PCR amplified from randomly selected colonies using the T7 forward and SP6 reverse primers. The resulting library of PCR products was sequenced (Beijing Aoke Biotechnology Co. Ltd) based on different restriction fragment length polymorphism genetic profiles using the RsaI restriction enzyme.
Sequence analysis
The DNA bands of interest were excised from the DGGE gel. The gel slices were placed into microcentrifuge tubes and the DNA was eluted at 37 1C for 2 h in sterile distilled water by allowing it to passively diffuse into the water. The eluted DNA was further amplified using the primers PRBA338f and PRUN518r, as described above. Sequence similarity searches and taxonomic identification of the isolates were performed at the National Centre for Biotechnology Information using the BLAST network service (BLASTN; Maidak et al., 2001) to identify the closest relatives. GenBank accession numbers were assigned for the 16S rRNA gene sequences of the isolates (GU086416, GU086419, GU086421, GU086430, GU086437, GU086451) and of the DGGE bands (FJ972838-FJ972861). Multiple alignments and distance matrix analyses were conducted using the MEGA 3.0 software package. A phylogenetic tree was constructed using the neighbour-joining method and bootstrap analysis based on 1000 replicates.
Results
Bacterial community in the rape phyllosphere after dichlorvos treatment DGGE analysis of the 16S rRNA gene fragments was used to examine the effects of dichlorvos application upon the bacterial community of the phyllosphere at the molecular level. As shown in Fig. 1 , the DGGE profiles of the samples after dichlorvos treatment were different from those of the control samples, with the appearance of new bands (bands A1, A3, A4, A5, A6, A8, A9, A13 and A14) and the loss of others (bands A11, A12 and A19). Band A10 was detected in all samples. On day 0, the patterns of bands from the control and treated samples were similar. After treatment with dichlorvos for 1 day, the bands of the treated sample increased rapidly relative to those of the control. After a few days, the new bands decreased and the profiles of the control and treated samples became similar again. Band A12, which had appeared on days 2 and 4 and then disappeared, may indicate that the microorganisms were susceptible to the auxiliary solvent that was added to the pesticide. Band A7 appeared after the application of dichlorvos with the associated auxiliary solvent and persisted.
The effect of dichlorvos treatment on the phyllosphere bacterial community was further confirmed by dendrogram analysis (Fig. 2) , which demonstrated two distinct clusters formed by the dichlorvos-treated and control samples (similarity coefficients were o 53%), except on the second day. Significant changes (P o 0.01) were observed in the bacterial community composition after the dichlorvos treatment. Temporal changes in the composition of the bacterial community were also detected by grouping the profiles according to the sampling dates within clusters I and II (Fig. 2) . In cluster I, the samples were separated into two smaller clusters according to the sampling date: treatment days 0, 4, 6 and 7 and control day 2 clustered together but separately from treatment day 1. In cluster II, the bacterial community also showed variation. The control samples on day 0 and 6 had similar profiles (similarity coefficient 4 90%) and clustered together with the day 2 treated sample, but separately from the other control samples. The difference between the control and treated samples from day 2 and the other samples is probably because some bacterial species were sensitive to the solvents added to the pesticide.
The results of the sequence similarity searches for the 24 bands labelled in Fig. 1 are shown in Table 1 . Their phylogenetic relationships with other closely related species are illustrated in the neighbour-joining tree in Fig. 3 . The sequences indicate that the bacteria are members of the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Bacteroidetes and Cyanobacteria. Six bands from the control sample were sequenced and consisted of five members of the Gammaproteobacteria (A2, A11, A12, A19 and A22) and one member of the Alphaproteobacteria (A23). Ten bands from the dichlorvos-treated samples were identified: one member of the Alphaproteobacteria (A5), two members of the Betaproteobacteria (A6 and A9), six members of the Gammaproteobacteria (A1, A3, A13, A14, A20 and A21) and one member of the Bacteroidetes (A8). Another eight bands that occurred in both the dichlorvos-treated and the control samples were identified: five members of the Alphaproteobacteria (A15, A16, A17, A18 and A24), two members of the Gammaproteobacteria (A4 and A7) and one member of the Cyanobacteria (A10).
Microbial community analysis based on 16S rRNA gene clone library
Four clone libraries (treatment day 0, control day 0, treatment day 1, control day 1) from the rape phyllosphere samples were analysed, each comprising about 220 clones. Analysis of the bacterial 16S rRNA genes revealed that representatives of the Gammaproteobacteria, especially Pseudomonas sp., conspicuously dominated the microbial diversity of the samples after treatment with dichlorvos (Table 2) . Another significant phylogenetic group was Bacteroidetes, which clearly increased after the dichlorvos treatment. Sequences related to Delftia sp. were detected with high relative abundance in the dichlorvos-treated samples. The relative abundance of Alphaproteobacteria, especially of Methylobacterium sp., also increased slightly after dichlorvos treatment. These results are consistent with the DGGE profiles. However, more sequences were detected in the 16S rRNA gene clone libraries than were detected by DGGE analysis; five taxa (e.g. Paracoccus-, Zoogloea-, Bacillus-, Exiguobacterium-and Microbacterium-like sequences) were identified in the clone libraries before dichlorvos treatment and one taxon (Flavobacterium-like sequence) after treatment.
Availability of phyllosphere microorganisms for dichlorvos degradation
To evaluate the effects of the phyllosphere microbial community on the degradation of dichlorvos, the rape plants were separated into a sterilized and an unsterilized treatment group. As shown in Table 3 , analysis of the dichlorvos residue revealed significant differences between the sterilized and unsterilized plants. After 1 day of spraying with dichlorvos, the dichlorvos degradation rate in the unsterilized group was 3.62 Â 10 À2 mg g À1 h À1 , whereas that in the sterilized group was 2.17 Â 10 À2 mg g À1 h À1 . After 2 days, the difference was more conspicuous, in that the dichlorvos degradation rate in the unsterilized group was more than twice that in the sterilized samples. This result suggests that the phyllosphere microorganisms on the rape leaves may have a significant contribution to the degradation of the pesticide. Because the residue concentration in the rape phyllosphere became low (data not shown), the dichlorvos degradation rate on unsterilized samples had decreased at day 7. To obtain experimental support for the dichlorvosdegrading ability of the phyllosphere microbial community, the microorganisms were eluted from rape leaves and were shown to degrade about 54.7% of the added dichlorvos by HPLC analysis after incubation for 2 days at 30 1C (data not shown).
Isolation of strains capable of degrading dichlorvos from rape phyllosphere
Six bacterial isolates displaying a capacity to degrade dichlorvos in the rape phyllosphere were obtained. These isolates were labelled M3, N7, N8, N13, N16 and N28, and their corresponding GenBank accession numbers are GU086437, GU086451, GU086416, GU086421, GU086419 and GU086430. Sequence alignment showed that these 16S rRNA genes were most similar to those of members of the genera Pseudomonas, Xanthomonas, Sphingomonas, Acidovorax, Agrobacterium and Chryseobacterium, respectively. The dichlorvos-degrading capacities of the individual bacterial species were assessed by HPLC analysis. Dichlorvos degradation efficiencies of the six bacteria were 11.5%, 70.0%, 78.7%, 52.6%, 66.4% and 25.2%, respectively.
Discussion
The contamination of surface and ground water by organophosphorus compounds as a result of its bulk utilization in agriculture may lead to toxicity in mammals, and ultimately in humans (Madhaiyan et al., 2006; Tang et al., 2009) . Therefore, it is essential to remove organophosphorus compounds from the environment. Here we use rape plants as the model crop to screen for optimal bacterial candidates Table 2 .
for the biodegradation of an organophosphorus pesticide (dichlorvos). The result showed that more bacterial species were found on the dichlorvos-treated sample than on the control samples without dichlorvos treatment on day 1. It is well known that extreme fluctuations in the physicochemical environment of the phyllosphere over a short time scale can select for bacterial species that have unusual and versatile traits that make them fit to colonize the plant surfaces (Lindow & Brandl, 2003) . Therefore, some organisms may respond to the spraying of dichlorvos by an increase in their population density and using the dichlorvos as a nutrient source (Walter et al., 2007) . From the DGGE profiles, bands A1, A3, A4, A5, A6, A8 and A9 emerged on day 1 in the treated samples, as shown in Fig.  1 . As a consequence, four dichlorvos-degrading strains from the bacterial community on rape leaves, designated N7, M3, N13 and N28 and corresponding to A1, A3, A6 and A8, respectively, were isolated and identified. Two additional isolated strains, designated N8 and N16 and corresponding to bands A16 and A18, were present in both the control and the dichlorvos-treated samples. The DNA sequencing results for the first four bacterial strains showed that their sequences were similar to those of the newly observed bacterial species detected by the DGGE assay, demonstrating that the dichlorvos-degrading bacteria increased quickly soon after spraying. The two latter bacteria might interact closely with the dichlorvos-degrading microorganisms (Bailey et al., 2006) . The DGGE technique has been criticized for reducing bacterial diversity to only the dominant phylotypes (Wintzingerode et al., 1997) . Therefore, we used both PCR-DGGE and 16S rRNA gene clone libraries to evaluate the microbial community variations in the rape phyllosphere. The results of the 16S rRNA gene clone library analysis were almost identical with the DGGE profiles, except for the newly detected sequences. Members of three epiphytic bacterial genera Pseudomonas, Xanthomonas and Agrobacterium designated M3, N7 and N16, respectively, were isolated and characterized in the dichlorvos-treated samples. Species of these genera have been reported to degrade organophosphorus compounds (Liu et al., 1991; Tchelet et al., 1993) , conventionally using them as sources of carbon or phosphorus. However, members of three other genera, Sphingomonas, Acidovorax and Chryseobacterium, corresponding to N8, N13 and N28, respectively, were also isolated in the dichlorvos-treated samples. The capacity of species of the latter three bacterial w n, number of clones analysed. The numbers highlighted in bold represent the taxa increased significantly after the dichlorvos treatment. genera to degrade organophosphorus compounds is reported for the first time. These new findings expand the range of microbial species known to degrade dichlorvos. The ability of each individual bacterial species to degrade dichlorvos was subsequently analysed and their degradation efficiencies were shown to be relatively high, as described above. It is noteworthy that the leaf samples showed less efficient dichlorvos degradation after sterilization (Table 3) . The phyllosphere microbial population made a substantial contribution to the degradation of dichlorvos, consistent with the results of the DGGE analysis and the screening for dichlorvos-degrading strains. In summary, this study has established a set of experimental approaches to the isolation and characterization of dichlorvos-biodegrading bacteria based on DGGE and 16S rRNA gene clone library analyses. This strategy can be extended to other related research for the isolation of interesting bacteria. The three newly identified dichlorvosdegrading bacterial strains from the treated samples may extend our understanding of pesticide degradation by phyllosphere microbial communities and consequently provide a novel strategy for the bioremediation of dichlorvos with pure microbial cultures from the plant phyllosphere. Our future work will focus on the role of pure cultures of these microorganisms in the metabolism of dichlorvos in the plant phyllosphere and the bioremediation of pesticide residue in situ with the isolated strains.
